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1. Introduction 

Climate change and anthropogenic pressure have led to significant impacts on rivers and 

streams in most parts of the world (Wohl, 2006; Vörösmarty et al., 2000). Changes in rainfall 

patterns and altered land use may affect the flow regime, catchment erosion and thus 

sediment supply to river systems. Human influence via damming, water abstraction and 

channel modification additionally impact on flow regime and sediment dynamics (Wang et 

al., 2001). These alterations directly affect stream bed stability which is a key habitat 

parameter for lotic ecosystems (Jowett, 2003). As a response to changes in substrate stability 

the species composition and functionality of these ecosystems may adjust. Thus it is 

important for ecologists to be able to identify relevant characteristics of stream bed stability 

and to quantify them.  

Stream bed stability is in this respect defined as the disruption of a stable state by 

various processes such as erosion, transport, deposition of substrate as well as abrasion by 

suspended or rolling particles. These processes are driven by shear forces exerted on the 

stream bed by flowing water and other means (e.g. fording stock or vehicles). The likelihood 

of natural disruption is controlled by intrinsic properties of the stream bed such as slope, 

imbrication of particles and substrate assemblage as well as extrinsic factors like flow regime, 

sediment supply or lithology. 

Response of ecosystems to changing habitat conditions can be characterised in various 

ways, for instance by taxonomic shifts in community composition or alterations in 

productivity at different levels (Resh et al., 1988; Lake, 2000). However, assessment of these 

characteristics at an ecosystem level is laborious and thus often key groups of organisms are 

selected to represent the ecosystem. In lotic environments the effects of floods on substrate 

stability have been linked to composition of periphyton (Biggs et al., 1999), invertebrate 

(Cobb et al., 1992; Death and Winterbourn, 1995; Holomuzki and Biggs, 2000), bryophyte 



(Suren and Duncan, 1999) and macrophyte communities (Riis et al., 2008). However, 

different groups of biota respond to different characteristics of bed stability on a range of 

scales. For instance, sessile organisms might be affected in different ways than more mobile 

groups of biota (Downes, 1990; Englund, 1991; Holomuzki and Biggs, 2000; McAuliffe, 

1984). Consequently, the relationship between different groups of biota and stream bed 

stability varies with the method employed to measure the latter (Duncan et al., 1999; 

Schwendel et al., 2011a). Benthic invertebrates are often employed to indicate the 

environmental characteristics of rivers, in particular water quality (Boothroyd and Stark 

2000; Hynes 1994). Their wide range of mobility, key position in the food web, important 

functional role in decomposition of organic matter and high sensitivity to habitat variables on 

a wide range of spatial and temporal scales makes them good representatives of lotic 

ecosystems (Rosenberg and Resh 1993). 

 

2. Measurement of stream bed stability 

In order to link changes in ecosystem structure and function to habitat parameters such as 

substrate stability, a sensible measure needs to be identified. Schwendel et al. (2010) 

reviewed methods previously used to assess stream bed stability in relation to invertebrate 

community metrics including calculation of critical shear stress (Newbury, 1984; Cobb et al., 

1992; Death and Winterbourn, 1995), FST-hemispheres (Dittrich and Schmedtje, 1995; 

Merigoux and Doledec, 2004), scour chains (Palmer et al., 1992; Matthaei and Townsend, 

2000; Effenberger et al., 2006), scour plates (Palmer et al., 1992), tracer stones (Death and 

Winterbourn, 1994; Townsend et al., 1997; Death and Zimmermann, 2005; Barquin and 

Death, 2006), morphological budgeting (Schwendel et al., 2011a) and the Pfankuch Stability 

Index (Pfankuch, 1975; Death and Winterbourn, 1995; Townsend et al., 1997; Death, 2002). 

However, each of these methods assesses only a distinct set of bed stability characteristics 

and the strength of the relationship with invertebrate diversity and community composition 

varies (Schwendel et al., 2011a). The need of site specific calibration (e.g. bedload transport 

formulae and acoustics sensors) and interference with the substrate (e.g. scour plates and 

bedload traps) can constrain application for multi site studies and concomitant invertebrate 

sampling respectively (Schwendel et al., 2010). Insufficient spatial (e.g. bedload samplers) or 

temporal coverage (e.g. FST-hemispheres) for reach-wide, long-term bed stability assessment 

and potential observer bias (Pfankuch Index) can be additional problems (Schwendel et al., 

2011b).  



This paper presents three approaches to measure stream bed stability characteristics that 

are relevant to benthic stream invertebrate communities. The first approach is an enhanced 

tracer technique that has been shown to be well correlated to diversity and composition of 

invertebrate communities (Schwendel et al., 2011a) and that also served to calibrate the other 

two methods. Since application of this first approach is quite time- and labour-intensive the 

second approach was designed to be a straightforward, time- and cost-efficient semi-visual 

survey with minimal instrumentation. It serves ecological studies that cannot afford elaborate 

measurement of each individual habitat parameter but still need at a relevant measure of 

stream bed stability. The third approach measures direct taxonomic response of the 

invertebrate community to changes in stream bed stability and other correlated habitat 

parameters. These approaches should provide stream ecologists and environmental authorities 

with the tools to assess stream bed stability and facilitate inclusion of the habitat parameter 

stream bed stability in more ecological studies, thus improving the understanding of habitat-

biota relationships in a (variable) fluvial environment. 

 

3. In situ marked tracer stones 

Tracers reflect the movement of individual particles of known characteristics and thus are 

well suited for the stochastic and variable nature of bedload transport (Wilcock, 1997). They 

have been used to assess step length of movement (e.g. Habersack, 2001), proportion of the 

bed surface entrained (e.g. Laronne & Duncan, 1992), transport behaviour (e.g. Gottesfeld & 

Tunnicliffe, 2003) and transport rate (e.g. Ergenzinger & Conrady, 1982), or as an indicator 

of bed stability (e.g. Townsend et al., 1997). However, painted tracers or other visually 

detected tracers (e.g. of different lithology than the natural substrate) suffer from low 

recovery rates as only particles on the stream bed surface can be identified (Schwendel et al., 

2010). To derive meaningful results a large number of tracers needs to be employed. 

Recovery rate can be improved by inserting metal bars (e.g. Schmidt & Ergenzinger, 1992) or 

magnets (e.g. Ferguson & Wathen, 1998) into the stones and using metal detectors or 

magnetometers respectively for relocation. However, placing tracers on the stream bed 

provides no information about actual bed stability and entrainment of particles because shear 

forces are not related to the local surface layer and properties such as embeddedness are not 

accounted for. In particular when the bed surface is armoured in situ marked particles may 

provide a better estimate of bed stability than unembedded tracers (Downes et al., 1998; 

Matthaei et al., 1999). 



To overcome this and the problem of low recovery Schwendel et al. (2010b) glued 

small-sized (23 mm) radio frequency identification (RFID) tags with the help of wet-curing 

epoxy concrete in situ on stones of the surface layer. This technique allows contactless 

detection of tracers buried under up to 0.6 m of gravel using a portable antenna and 

datalogger with an average recovery rate of 77% (54 New Zealand streams, A. Schwendel 

unpublished data). Furthermore, each marked stone can be identified individually by its 

uniquely coded tag and thus the transported distance can be related to individual particle 

properties. The combination of high recovery and unique identification allows relatively low 

numbers of tracers to be employed (e.g. 15 per reach) which offsets the time-intensive 

marking process and cost of RFID tags and recovery equipment. This comparatively low 

number might not be sufficient to account for the full spatial variability of bedload transport 

in a reach but can provide a meaningful estimate of ecological relevant stream bed stability 

(Death and Zimmermann, 2005; Schwendel et al., 2011a). The tracer technique requires 

monitoring of the distance travelled by the marked stones over a certain time period whereby 

length and frequency of surveys depend on site characteristics (e.g. flood frequency, surface 

armour). 

An index of bed stability derived from the mean transported distance, weighted by 

relative particle size, of tracers monitored over 6 months has been shown to be highly 

correlated with invertebrate community evenness and taxonomic richness. This is in contrast 

to other established techniques to assess stream bed stability such as the volume of fill 

derived from morphological budgeting or a flow competence calculation adapted to mountain 

streams (Schwendel et al., 2011a). However, the latter method could relate the percentage 

area of a reach subject to entrainment to bryophyte cover (Duncan et al., 1999) while the 

relationship with periphyton biomass is ambiguous (Biggs et al., 1999; Schwendel et al., 

2011a).  

The index based on tracer stones correlated very well with a distinctive axis of 

community composition (Schwendel et al., 2011a; 2011b) and diversity (rS = -0.54, df = 53, 

p < 0.001; Figure 1). Thus, the described tracer technique qualifies as a relevant measure of 

stream bed stability for invertebrate communities and in a wider sense also for lotic 

ecosystems. 

 

4. Stream bed stability survey 



Ecological studies that require a meaningful measure of stream bed stability but cannot afford 

regular site visits or a relative time and cost-intensive tracer technique, may apply the Stream 

Bed Stability for Invertebrates (SBSI) protocol (Schwendel et al., 2011b). It does not measure 

any single aspect of bed stability per se but determines a characteristic response of 

invertebrate community composition to a combination of bed stability characteristics. This 

distinguishes it from other approaches which aim to measure characteristics of bed stability 

per se but often are not very well related to responses of different groups of biota. 

It was calibrated on a distinctive non-metric multidimensional scaling axis of 

invertebrate community composition that was highly related to stream bed stability 

(Schwendel et al., 2011b). Other habitat factors that may influence community composition 

such as physico-chemical water quality could not be entirely excluded. They were monitored 

and influence beyond a natural range was minimised by choosing calibration and validation 

sites in upland catchments with low anthropogenic impact. The SBSI survey consists of 13 

parameters that cover aspects of sediment supply from banks, transport capacity and substrate 

erodibility as well as effects of particle transport on channel bottom structures, substrate 

assemblage and single grains. 

The strong relationship of the SBSI score with taxonomic response to substrate 

disturbance enables the SBSI protocol also to predict effects on ecological characteristics of 

communities such as diversity (Brillouin Index) (rS = -0.69, df = 53, p < 0.001). At sites not 

used for its development SBSI site scores show a similar or stronger connection with 

community diversity metrics (Fig. 1) than more traditional bed stability measures such as in 

situ marked tracer stones and the bottom component of the Pfankuch Index. The latter 

approach is purely visual and uses only a low number of parameters for evaluation. Although 

correlations with metrics of lotic invertebrate and bryophyte communities have been found 

(Death and Winterbourn, 1995; Suren, 1996; Townsend et al., 1997; Duncan et al., 1999; 

Death, 2002), large differences between multiple evaluations of a stream reach within a short 

time by the same observer may occur due to weather and surface conditions of the substrate 

(wet or dry) (Schwendel et al., 2011a; 2011b). The SBSI protocol might suffer less from this 

problem because parameters are assessed not only visually but observer bias potentially can 

be a problem. Additionally, Schwendel et al. (2011b) recommend adjustments which allows 

the SBSI method to account for variation in particle surface constitution and angularity due to 

different lithologies.  

In combination with the field sheet provided by Schwendel et al. (2011b) a pocket 

calculator and an Abney level may assist application of the SBSI protocol but are not 



obligatory. Interference with the substrate is low which facilitates concomitant sampling of 

biota and the stability score can be calculated on-site. Thus, this technique combines the 

uncomplicated application of a visual approach with the strengths of an elaborate measure of 

stream bed stability.  

Beside scientific studies of disturbance-diversity relationships or measurement of 

habitat variables the SBSI protocol may be applied for efficient and ecologically relevant 

monitoring of human disturbance of stream beds, e.g. by gravel mining or fording. It can be 

also employed to assess the potentially confounding effects of bed instability on invertebrate 

community composition when the latter is employed to determine water quality or 

environmental status of a stream. 

 

5. Macroinvertebrate index of bed stability 

Assessment of habitat characteristics using biotic indices is common (Rosenberg and Resh 

1993; Hynes 1994). In contrast to indicator species approaches where presence or abundance 

of individual species characterise habitat conditions, biotic community indices indicate the 

latter based on the composition of the entire community (every taxon scores). Community 

indices employ the indicator species concept without placing undue emphasis on uncommon 

species (Winterbourn, 1981). An index to assess stream bed stability relevant for stream 

macroinvertebrate communities of stony riffles (MIBS) was presented by Schwendel et al. 

(2011c). Although, due to endemism of taxa, its application is restricted to New Zealand the 

methodology is transferable to other parts of the world. The MIBS requires collection and 

identification of a representative invertebrate community sample for a stream reach. It 

measures taxonomic response to variation in substrate stability and other intercorrelated 

habitat variables such as periphyton biomass (Death, 2002; Schwendel et al., 2011b). 

The MIBS was developed on a dataset from 46 upland streams in New Zealand's North 

Island. Bed stability was assessed with in situ marked tracer stones and invertebrates were 

sampled from riffles. After exclusion of uncommon taxa the remaining taxa underwent a 

Indicator Species Analysis which accounted for abundance and faithfulness of taxa to a 

particular bed stability class. Taxa were then arranged along the bed stability gradient 

according to their indicator values and assigned an index score (Schwendel et al., 2011c). 

The latter ranges in theory between -10, indicating unstable substrate, and 10 at stable sites. 

However, the lowest score assigned was -6.5 (Hydrobiosis umbripennis) because no taxon 

appeared to be well adapted to unstable conditions. Taxa with a low score might be tolerant 



of unstable substrate and prefer habitat characteristics or ecological conditions (such as low 

competition or low number of predators) common at unstable sites. Thus low bed stability is 

better indicated by the composition of the entire community, e.g. by absence of high scoring 

taxa. Under these circumstances the application of a biotic community index is of advantage 

(Schwendel et al., 2011c). 

MIBS site scores showed a strong correlation with invertebrate community diversity 

(rS = 0.54, df = 53, p < 0.001). They also compare well to traditional measures of bed stability 

and SBSI site scores (Fig. 1) and its inclusion in the pool of variables improved modelling 

stream bed stability (Schwendel et al., 2011c). The MIBS score has the advantage over direct 

one-off measurements of bed stability that it can indicate typical habitat conditions over 

longer time-scales (e.g. an invertebrate life cycle) and thus encompass short-term fluctuations 

in bedload transport, for example as a result of variation in sediment supply from the 

catchment (Wathen and Hoey, 1998). Utilisation of the entire community may help assess 

finer gradations in bed stability, in particular at intermediate levels of substrate stability when 

the influence of other habitat parameters might be more pronounced (Lancaster and Downes, 

2010). 

Biological assessment of stream bed stability with the MIBS is particularly efficient when the 

invertebrate community has already been sampled for other analysis such as biological 

monitoring of water quality. Since many biotic indices for a habitat variable require 

community composition to be a function of that variable only (e.g. MCI; Stark, 1985), the 

MIBS can widen their applicability by assessing the confounding effects of substrate stability 

on community composition. However, since the MIBS was developed on a regional dataset it 

needs to be tested in other parts of New Zealand and, if necessary, taxon scores might need to 

be added or adjusted. 

 

6. Conclusions 

Sustainable management of rivers and their catchments requires ecologically meaningful 

information about habitat parameters because these play a crucial role for structure and 

function of lotic ecosystems. Large-scale environmental changes and human impacts may 

transfer to stream communities via local habitat characteristics. Substrate stability is a key 

factor influencing benthic communities but ecologically relevant assessment is difficult and 

thus neglected in many studies. This paper highlights three reach-scale approaches that are 

relevant and serve different requirements in terms of data collection and interpretation. 



In situ marked tracer stones are an elaborate and accurate measure of entrainment and 

transport of substrate particles, two characteristics of stream bed stability that are influential 

on lotic communities. The SBSI protocol offers a quick and efficient mean to assess a 

combination of bed stability characteristics specifically relevant to stream invertebrate 

communities. In contrast, the MIBS is a biotic community index which determines the 

taxonomic response of stream invertebrates to fluctuations in substrate stability.  

Both, the SBSI protocol and MIBS index are calibrated on regional dataset from 

mountain streams and might need adjustment for application on lowland rivers and, in case of 

the MIBS index, also for other regions of New Zealand. Thus, I would like to encourage 

application of these techniques and, if necessary further development as well as the 

adaptation of the MIBS to other parts of the world. 
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Figure 1. Relationship between stream bed stability measured with three techniques (tracer 

stones (TTM), SBSI protocol and MIBS index) and benthic invertebrate community diversity 

(Brillouin Index). Bed stability measurements were normalised and converted to a scale 

where high values indicate high instability. 


